Abstract
Introduction
The IFCS F-15 program focuses on a specific approach for fault tolerant capabilities featuring an on-line real time PID scheme coupled with a specific robust controller and an "ad-hoc" learning algorithm for updating aerodynamic coefficients at post failure conditions. The general block diagram scheme is shown in Figure 1 .
The simulation package is based on the Flight Dynamics and Control (FDC) Toolbox 1 which is a graphical software environment within Matlab/Simulink. This toolbox is flexible and powerful enough to allow implementation of different aircraft and/or to build tools for research and design of any specific area of flight dynamics and control. For graphic display and pilot interaction the dynamic model is interfaced with the AVDS simulation package 2 . Particularly, the aircraft dynamic model is flown through a joystick; however, pre-loading of command histories is also possible.
Note that the IFCS F-15 aircraft is open-loop stable without the canards and closed-loop stable with the canards. Furthermore, the control laws do not directly command the canard deflections; instead the canards are scheduled with the angle of attack. Figure 2 shows the main functional block and their interconnections. Figure 3 presents a typical SIMULINK scheme at the highest level.
IFCS F-15 Simulation Scenarios
Three different simulation scenarios were developed. The first scenario features the aircraft at open-loop conditions without the canard and without the controller. This allows the user to focus on parameter identification issues. The second scenario includes the modeling of the canard surfaces with the aircraft flying at closed loop conditions. User selected results of the PID process are forwarded to the controller if convergence criteria are met for the stability and control derivatives. The third scenario includes an online learning neural network for the updating the aircraft parameter at post failure conditions to support the updating of the inputs of the controller.
The individual components of the flight simulation environment are described below.
Aircraft Model
A non-linear approximate model of the F15 aircraft is implemented. The model is based on a Fortran code for the simulation of a high performance military aircraft distributed by NASA to academic institutions within the 1990 AIAA GNC Design Challenge 3 . The aerodynamic and thrust are provided through 42 look-up tables, that is 16 tables for the longitudinal as functions of Mach number, angle of attack and stabilator deflection; 20 tables for the lateral dynamics as functions of Mach number, angle of attack, sideslip angle and rudder; 2 tables for engine thrust and fuel flow as functions of Mach number and altitude. Additional look-up tables have been added for the modeling the canards. The look-up tables have been subdivided to isolate the contribution of individual control surfaces in order to be able to simulate control surface failure 4 . Two types of control surface failure have been modeled. The first failure type corresponds to an actuator mechanism failure and results in a locked surface; in fact the control surface remains fixed in the position at the failure occurrence. The second failure type corresponds to the case of a physical destruction and/or deformation of the control surface. It means that the "efficiency" of the control surface is deteriorated starting at the failure occurring moment. The user can select different failure parameters. Any of the individual eight control surfaces may be subject to a failure: left or right stabilator, aileron, canards and rudder (since the IFCS F-15 has a dual fin rudder).
Control Laws: the SOFFT Controller
The flight control laws are based on the Stochastic Optimal Feedforward and Feedback Technique 5 (SOFFT). This controller has been proven to obtain desirable handling qualities at nominal flight conditions while retaining good performance at post failure conditions thanks to its robustness properties 5 . The commanded controls are collective and differential stabilator, collective and differential canard, ailerons and rudder.
Two versions of the controller have been implemented by WVU researchers and can be selected by the user: a decoupled SOFFT version (that is separate longitudinal and lateral-directional SOFFT controllers) and a full (longitudinal + lateral directional) version for better handling the cross coupling at post-failure conditions.
On-Line Parameter Identification
One of the main characteristics of the IFCS F-15 program is the use of on-line real-time parameter identification. Following extensive studies by the members of the project the selected PID method is the so called Fourier Transform Regression 6 (FTR) method. The FTR -based on the frequency domain -was chosen over other PID techniques because of better performance 7 for on-line applications. One of the features of the FTR is the on-line calculation of the standard deviations of the estimation error for individual aerodynamic parameters; this statistical parameter can then be used for assessing the reliability of the estimates prior to feeding these values to the controller.
The identification algorithm requires the computation of the derivatives of selected state variables, that is the aircraft angular accelerations. These derivatives can be evaluated either in the time domain or in the frequency domain leading, in general, to different accuracy in the results. The purpose of the PID is eventually to provide state space system matrices of the controlled plant (aircraft) that would allow updating the parameters of the SOFFT controller. In general one could directly identify the state space system matrices A, B, C and D (matrix approach) or could first evaluate the dimensionless stability and control derivatives (derivatives approach) and then use these values to compute the state space system matrices. The user has both choices available in the simulation code.
For any of these versions the user can select to estimate up to 26 stability and control derivatives. A simpler version with a reduced number (13) of derivatives to be estimated is also included.
Convergence Criteria
The on-line estimated aerodynamic parameters are used to update the matrices in the SOFFT controller only when specific convergence criteria are met. The user can select between convergence criteria for the aerodynamic parameters (that is any of the 26 stability and control derivatives), for the standard deviation of the estimation error for each of the parameters, or both. The convergence for any of these parameters is then required to take place for a given time window, also selected by the user.
Graphical User Interface
The different options in the simulation are set through a set of menus based on Matlab Graphical User Interface (GUIs). These menus provide an easy, user-friendly way to establish the simulation. In particular the following conditions can be selected: From the WVU-IFCS Main Menu the user can select between nominal or failure flight conditions (for each of the 3 scenarios). Should the user select failure conditions, the user can set the different failure parameters in the Failure Conditions Menu. In fact, in this menu the user can select among different control surfaces and among jammed control, missing surface or both; furthermore, jammed in current position or in userselected position. Additional failure parameters include occurrence time, percentage missing, and jamming position.
Following the choice of the specific scenario, the user is then guided through different menus. In particular, from the Scenario 1 Menu four selections are available with FTR for time or frequency domain derivatives, matrix or derivative approach. A fifth version with a reduced number of derivatives is also available. From the Scenario 2 Menu ten different selections are available, that is the five options for Scenario #1 with the selection of decoupled or coupled SOFFT controllers. Finally from the Scenario 3 Menu twenty choices are available, that is the ten options for Scenario #2 with the selection of two different types of neural networks for upgrading the aerodynamic lookup tables at post failure conditions.
In terms of screen displays, the user can select from the Display Results Menu the different parameters to be displayed in Simulink scopes during the simulation.
In terms of PID/SOFFT interface the user can select from the Derivatives to Controller Menu which on-line estimated aerodynamic parameter -among a list of 29 derivatives -is to be updated in the control laws. Clearly this menu is not available for Scenario #1 which does not involve closed-loop conditions. The user is then guided through an additional menu, the Convergence Criteria Menu -also not available for scenario 1 -where the user can set the convergence criteria applied to the aerodynamic parameters estimates, their standard deviations or both. The convergence criteria parameters include percentage range for derivative errors, percentage range for standard deviations errors, and convergence time window width.
The WVU-IFCS Main Menu is illustrated in Figure 4 as an example. Figure 5 shows the general AVDS graphics with a sample of the available scopes.
Conclusions
A simulation tool to be used within the IFCS F-15 program has recently been developed. The simulation package provides a customized yet flexible environment for analyzing different research issues within a given fault tolerant control scheme. In particular this tool allows a detailed analysis of the performance of a recently introduced PID algorithm used with or without a set of specific control laws designed to guarantee desirable handling qualities at post failure conditions based on real-time estimates of different aerodynamic parameters.
